With the advent of engineered minichromosome technology in plants, an understanding of the properties of small chromosomes is desirable. Twenty-two minichromosomes of related origin but varying in size are described that provide a unique resource to study such behavior. Fourteen minichromosomes from this set could pair with each other in meiotic prophase at frequencies between 25 and 100%, but for the smaller chromosomes, the sister chromatids precociously separated in anaphase I. The other eight minichromosomes did not pair with themselves, and the sister chromatids divided equationally at meiosis I. In plants containing one minichromosome, the sister chromatids also separated at meiosis I. In anaphase II, the minichromosomes progressed to one pole or the other. The maize (Zea mays) Shugoshin protein, which has been hypothesized to protect centromere cohesion in meiosis I, is still present at anaphase I on minichromosomes that divide equationally. Also, there were no differences in the level of phosphorylation of Ser-10 of histone H3, a correlate of cohesion, in the minichromosomes in which sister chromatids separated during anaphase I compared with the normal chromosomes. These analyses suggest that meiotic centromeric cohesion is compromised in minichromosomes depending on their size and cannot be maintained by the mechanisms used by normal-sized chromosomes.
INTRODUCTION
Plant artificial chromosomes or engineered minichromosomes represent a potentially powerful research tool for understanding chromosome structure and function. Furthermore, they provide a means to assemble a collection of useful genes as an independent chromosome vector. Mammalian and Drosophila minichromosome analyses have been conducted (Heller et al., 1996; Harrington et al., 1997; Sun et al., 1997; Mills et al., 1999; Shen et al., 1999; Ebersole et al., 2000; Yang et al., 2000; Auriche et al., 2001) . In mammals, minichromosomes can be assembled from constituent components or by removing the chromosome arms by telomere truncation, with subsequent or simultaneous addition of sites to accept additional DNA to the chromosome. The latter type of minichromosome provides a means to evaluate the loss of chromosome arms on mitotic and meiotic behavior. Engineered minichromosomes have been generated recently in plants , so a detailed understanding of the mitotic and meiotic properties of small chromosomes is integral to their eventual application.
The recovery of minichromosomes derived from the maize (Zea mays) B chromosome has been described (Zheng et al., 1999; Kato et al., 2005) . This collection as well as subsequently recovered cases (this report) provides a unique resource for examining the effect of chromosome size on various meiotic processes that is not available in any other system. B chromosomes are nonessential, supernumerary chromosomes that are found in hundreds of plant and animal species (Jones and Rees, 1982) .
The maize B chromosomes are maintained in populations because of their high frequency of nondisjunction at the second pollen mitosis, together with the fact that the sperm with two B chromosomes will preferentially fertilize the egg, rather than the polar nuclei, in the process of double fertilization (Roman, 1948; Carlson, 1969) . B chromosomes are generally thought to be basically inert, in that no major genes have been identified on them and because they have no phenotypic effects on the plant, except in high numbers (Carlson, 1986) .
Maize minichromosomes were originally generated by the breakage-fusion-bridge (BFB) cycle (McClintock, 1939 (McClintock, , 1941 that was initiated in a modified translocation between the B chromosome and the short arm of chromosome 9 (9S) (Zheng et al., 1999) . This translocation chromosome carries a mirrorimage duplication of 9S that creates a dicentric condition upon intrachromosomal recombination in meiosis. The dicentrics form chromosome bridges that are broken in anaphase II. If the broken B-9 translocation chromosome undergoes nondisjunction at the second pollen mitosis, two broken chromosomes in the sperm are delivered to the zygote, the condition to establish the chromosome-type BFB cycle. During development, the B-9 chromosome continues to be reduced in size. Indeed, when the resulting plants were examined at pachynema, approximately one-third of the plants possessed minichromosomes (Zheng et al., 1999) . The minichromosome structures and their transmission rates over several generations were determined .
Sister chromatid cohesion is important in meiosis I to hold the chromatids together for the faithful segregation of homologous pairs of chromosomes, but then centromere cohesion is released in meiosis II to allow sister separation. Studies primarily from yeast species have suggested that the enzyme separase releases sister chromatid cohesion at anaphase I, but the Shugoshin (SGO) protein protects the centromere so that cohesion is maintained until anaphase II (Nasmyth et al., 2000; Nasmyth, 2001; Kitajima et al., 2004; Watanabe, 2005a Watanabe, , 2005b . The multisubunit cohesin complex in meiosis differs from the one used in mitosis in that Rad21 is largely replaced by its meiotic counterpart, Rec8 (Nasmyth, 2001; Watanabe, 2005a Watanabe, , 2005b . The absence of first division (afd1) gene is the maize Rec8 homolog (Golubovskaya et al., 2006) . The SGO protein has been suggested to play a major role in the protection of centromere cohesion in Drosophila and yeast (Kerrebrock et al., 1995; Kitajima et al., 2004; Marston et al., 2004; Vaur et al., 2005) . Hamant et al. (2005) found that maize SGO1 is required for the maintenance of centromeric cohesion during meiosis and has no mitotic function. Normally, SGO is present in meiosis I but is degraded during meiosis II. However, if the sister chromatids separate at meiosis I, as in the afd1 mutant, SGO signals are not detected (Hamant et al., 2005) . Kaszas and Cande (2000) found that phosphorylation of histone H3 Ser-10 was correlated with the maintenance of sister chromatid cohesion. Phosphorylation of H3 is typically detected in pericentromeric regions of the mitotic chromosome and in meiosis (Zhang et al., 2005) . In the afd1 mutant, phosphorylation is found only at pericentromeric regions in metaphase I. In the absence of sister association in meiosis II, no phosphorylation is observed in the pericentromeric regions. Kurihara et al. (2006) found that inhibition of Aurora kinase activity was related to diminished phosphorylation of Ser-10 of histone H3 in tobacco (Nicotiana tabacum) somatic cells and caused the delay and failure of sister chromatid separation. These results led to the hypothesis that SGO1 and Ser-10 phosphorylation are involved in the maintenance of sister centromere and chromatid cohesion.
In this study, we used a collection of minichromosomes to establish the impact of chromosome size on homolog pairing as well as the centromere cohesion properties of sister chromatids. The results indicate the interesting finding that chromosome size affects the properties of monopolar versus bipolar attachment of microtubules at meiosis I. Moreover, in the absence of substantial chromosome arm length, centromere cohesion at meiosis I fails despite the presence of SGO, which persists on the minichromosomes throughout meiosis I despite equational minichromosome behavior.
RESULTS

Formation of Minichromosomes
The minichromosome collection was generated in plants that were undergoing the chromosome type of BFB cycle. This process was initiated in the study of Zheng et al. (1999) using plants In all images, the B-specific sequence (ZmBs), is labeled in magenta and the 180-bp knob repeat is labeled in green. that contained one B-9-Dp9 chromosome (TB-9Sb-Dp9) together with two 9-B chromosomes. The B-9-Dp9 chromosome is a translocation between the supernumerary B chromosome and the short arm of chromosome 9 onto which a reverse duplication of 9S was recombined (Zheng et al., 1999) (Figures 1A and 1B) . Meiotic analysis indicated that the progenitor B-9-Dp9 chromosome behaves normally at meiosis I, progressing to one pole ( Figure 1C ). When recombination occurs between the duplicated 9S regions, a dicentric chromosome is generated that will be broken at anaphase II ( Figure 1D ). Both centromeres of the dicentric chromosome are functional, which will cause the chromosome to be broken and rejoined repeatedly during the formation of the gametophyte and, following fertilization, during plant development. Minichromosomes will be stabilized if one of the two centromeres becomes inactive or a monocentric is formed by telomere addition to a broken end (Figure 2 ; see Supplemental Figure 1 online).
The structure of the collection of minichromosomes was examined by fluorescence in situ hybridization (FISH) using probes for the B-specific sequence (Alfenito and Birchler, 1993) and the knob unit repeat (Peacock et al., 1981) . In addition, they were probed with two maize centromere repeat units, CentC, and the retrotransposon, CRM (Jin et al., 2005) . The normal B chromosome has centromere signals with the knob heterochromatin signal adjacent to it on the long arm . All of the minichromosomes visualized by FISH contained the B chromosome centromere-specific sequences (ZmBs), indicating that the minichromosomes carry the B centromere. The structures of chromosomes 1 to 14 have been examined previously (Kato et al., 2004) . The recovery of minichromosomes 15 to 22 is reported here (see Supplemental Figure 1 and Supplemental Table 1 online).
Meiotic Examination of Plants Containing One Minichromosome
Tassel samples were collected from the various lines grown in the greenhouse to examine the meiotic behavior of a single copy of each member of the minichromosome collection. None of the small or tiny minichromosomes paired with chromosome 9 or the B chromosome at the pachytene stage ( Figure 3A ; see Supplemental Table 2 online). Eight minichromosomes (1, 4, 6, 11, 15, 16, 19, and 22) showed behavior typical of a B chromosome univalent and the progenitor chromosome ( Figure 1C ), which randomly moves to one pole during meiosis I, and then the sister chromatids separate at anaphase II. In contrast with the progenitor, the remaining 14 minichromosomes showed a different behavior, in that the sister chromatids separate at anaphase I. For example, minichromosome 3 was observed in all metaphase I cells ( Figure 3B ). In anaphase I, it usually lagged but divided equationally ( Figure 3C ). In telophase I, all of the examined cells contained one B repeat signal, indicating that despite lagging during meiosis I, the chromosome moved to the poles ( Figure  3D ). At meiosis II, the mini-Bs were observed in all of the metaphase II cells. In anaphase II, the sister chromatids of a given minichromosome progressed to one pole ( Figure 3E ). In tetrads at the end of meiosis, most contained B-specific signals ( Figure 3F ).
We also examined the a-tubulin localization for a minichromosome that exhibited equational division at meiosis I. Figure 4 shows that univalent minichromosome 9 forms a bioriented spindle, as typically occurs only in mitosis and meiosis II. These results confirm the mechanical basis of the equational division of this minichromosome at meiosis I.
Effect of Chromosome Size on Homolog Pairing
The larger minichromosomes tended to pair with each other when two copies were present in the same cell (see Supplemental Table 3 online). Fourteen of the minichromosomes further reduced in size were found to pair with each other when two copies were present during meiosis I. The frequency varied from 25 to 100% (see Supplemental Table 3 online). The other small or tiny minichromosomes did not pair at the pachytene stage ( Figure 5A ). For example, two minichromosomes 3 were observed in all of the examined metaphase I cells ( Figure 5B ) as univalents. In anaphase I, the two minichromosomes usually lagged but divided equationally ( Figure 5C ). In telophase I, all of the cells contained two B repeat signals (typical of minichromosome 3), indicating that the minichromosome eventually progressed to the poles ( Figure 5D ). In meiosis II, the minichromosomes were observed in anaphase II cells and the minichromosomes progressed to one or the other pole (Figures 5E and 5F) .
It is interesting that the very small minichromosome 9 can pair when two copies are present per cell ( Figures 6A to 6C ). The two minichromosomes 9 were observed in all of the examined metaphase I cells ( Figure 6D ) as bivalents. In anaphase I, the The B-9-Dp9 chromosome initiates the BFB cycle by crossing over with itself and releasing a terminal fragment; the broken ends fuse and continue the BFB cycle. With nondisjunction at the second pollen mitosis, two broken chromosomes can enter the zygote and initiate the chromosome type of BFB cycle that continues throughout plant development. Eventually, dicentric minichromosomes are stabilized by the inactivation of one centromere or the addition of a telomere to a broken chromosome end. Structural models of the smaller minichromosomes showing the distribution of ZmBs, Knob, CentC, and CRM sequences are depicted below. two minichromosomes usually lagged but divided equationally ( Figure 6E ). In telophase I, the minichromosomes eventually progressed to the poles ( Figure 6F ). By way of comparison, the minichromosome 3 described above is larger than minichromosome 9, but the homologs do not pair. Other minichromosomes, such as 18, are larger than minichromosome 9 but otherwise are similar in structure and also could not form bivalents (see Supplemental Figure 2 online). In parallel with minichromosome 9, sister chromatid separation of minichromosome 18 at meiosis I is equational. The ZmBs is labeled in magenta, and the knob is labeled in green.
Note sister chromatid separation in anaphase I. The minichromosome lags in meiosis II but typically is incorporated into two of the four microspore nuclei in the tetrad. Note that minichromosome 3 has two B-specific repeat arrays, which will both label with the ZmBs probe. Arrows indicate the minichromosomes. Bars ¼ 20 mm. 
Nondisjunction of Minichromosomes Is Lost but Can Be Restored by the Presence of Normal B Chromosomes in the Cell
We performed pollen FISH analysis to examine the somatic stability and nondisjunction properties of the minichromosomes. FISH on maize pollen carrying one normal B chromosome shows nondisjunction at the second pollen mitosis, such that one sperm has two B chromosomes (as a united signal) and the other has none . This nondisjunction, as noted above, is part of the accumulation mechanism of the B chromosome and requires the tip of the B chromosome long arm to be present for its action. Pollen FISH patterns of the 22 minichromosome lines showed ZmBs signal in both the two-sperm nuclei and the vegetative nucleus, indicating that nondisjunction had not occurred at the second pollen mitosis (Figure 7 ; see Supplementary  Table 4 online). This result is expected, given the need for the tip of the B chromosome long arm to be present for nondisjunction (Carlson, 1986) . When normal B chromosomes were combined with each minichromosome, all minichromosomes recovered the nondisjunction function, because the B long arm tip was now present again in the cell.
The Timing of Histone H3 Phosphorylation in Minichromosomes
In plants, cell cycle-dependent phosphorylation of histone H3 has been described (Houben et al., 2007) . We examined the distribution of this modification in meiotic cells containing minichromosomes derived from the B chromosome. As expected, the only signal present is localized to the nucleolar organizing region during the pachytene stage of prophase I (Kaszas and Cande, 2000) . During later stages of meiosis, histone H3 is highly phosphorylated at Ser-10 throughout the entire chromosome at metaphase I but is restricted to the pericentromeric regions at metaphase II (Kaszas and Cande, 2000) .
We anticipated that the minichromosomes would show single chromatids resulting from the equational division of univalents at anaphase I to have no H3 phosphorylation, because in rye (Secale cereale) univalents (Manzanero et al., 2000; Houben et al., 2007) or in the maize afd1 mutant (Kaszas and Cande, 2000) , the staining is restricted to the pericentromeric regions during metaphase I and anaphase I, with no staining during meiosis II. However, for minichromosomes 3, 5, and 9, there is no change of distribution of phosphorylated histone H3 at Ser-10 between the minichromosome and the normal maize chromosomes. For example, there is staining at metaphase II and anaphase II of minichromosome 3 ( Figures 8A and 8E) .
Distribution of Maize SGO on Minichromosomes during Meiosis
We investigated the localization of the SGO1 protein on minichromosomes during meiosis using immunocytochemistry and FISH. For minichromosomes 3, 5, and 9, there is strong staining of SGO1 in anaphase I, even though the sister chromatids divided equationally (Figure 9 ). In order to compare the localization of SGO1 between normal B chromosomes and minichromosomes, plants containing one B chromosome and one minichromosome 3 were selected in the progeny of a cross between parents with B chromosomes and minichromosomes.
We first performed the immunolocalization of SGO1 and then probed with ZmBs to identify the B chromosome and minichromosome 3. There was strong staining of SGO1 on the minichromosome 3 centromere at the diakinesis, metaphase I, and anaphase I stages ( Figures 9A, 9E , and 9I). Single chromatids resulting from the equational division of minichromosome 3 Pollen FISH was performed with the ZmBs probe (magenta) and knob (green) on microsporocytes at the three-cell stage and counterstained with DAPI (blue). univalents at anaphase I showed stronger SGO1 signals ( Figure  9I ). Previous results showed one set of centromere sequences of minichromosome 3 to be inactive (Han et al., 2006) . However, interestingly, both active and inactive centromere sequences colocalized with SGO1 signal at anaphase I.
DISCUSSION
We examined the mitotic and meiotic behavior of 22 minichromosomes that originated in plants that were undergoing the chromosomal type of BFB cycle. All of the minichromosomes have been confirmed to be derived from the B-A chromosome by the presence of B-specific repeat signals at their centromeric region, thus allowing a comparison of the effects of size among chromosomes of related origin. The amount of detectable knob heterochromatin adjacent to the centromere varied from none to increased amounts relative to the progenitor chromosome. Minichromosomes 2, 3, 5, 10, and 13 each contain two sets of centromere sequences, but one set is inactive (Han et al., 2006) . Minichromosome 5 has two distinct centromeric structures; the larger centromere has a stronger B repeat signal with knob heterochromatin, while the smaller one does not. All of the remaining minichromosomes possess some representation of knob sequences and B repeat signals. The simplest scenario to explain the structure of the small and tiny minichromosomes is that breakage occurred near or within the centromere and the broken ends healed without fusion (see Supplemental Figure  1 online) .
B chromosome nondisjunction at the second microspore division can be detected by pollen FISH (Shi et al., 1996; Rusche et al., 1997 Rusche et al., , 2001 Han et al., 2007) . All of the minichromosomes have lost the nondisjunction function, as anticipated by the loss of factors at the tip of the B chromosome long arm, which is required for the centromeric region to undergo nondisjunction . However, the addition of a normal B chromosome to the genotype reestablished this property. These findings indicate that engineered mini-B chromosomes of virtually any length could be manipulated in terms of dosage by the addition of normal B chromosomes to the genotype.
The tiny minichromosomes consisting of basically the centromeric region present an interesting circumstance to examine the parameters of homolog pairing. Because of the highly repetitive sequences on all chromosomes in maize, pairing must eventually rely on unique combinations of sequences (Pawlowski et al., 2004) . Meiotic analysis of minichromosomes indicated that below a certain threshold, chromosome size is not necessarily correlated with pairing. For example, the extremely small minichromosome 9 in two copies exhibited a very high frequency of homolog pairing. However, larger examples, such as minichromosome 3 or 18, did not pair at all during meiosis I. Thus, the specific features of each minichromosome likely determine their pairing fate.
Several univalent minichromosomes were found to divide equationally at meiosis I. Tubulin immunostaining results indicated that these minichromosomes exhibit biorientation of the kinetochore. This behavior is in contrast with that of normally paired homologs in a bivalent state, which separate reductionally from each other. Interestingly, full sized univalent B chromosomes seldom equationally divide at meiosis I (Carlson and Roseman, 1992) (Figure 9 ). The failure of sister chromatid cohesion at meiosis I was roughly correlated with the size of the chromosome and not necessarily with homolog pairing. The similar behavior of a tiny-fragment chromosome derived from an A chromosome (McClintock, 1978; Maguire, 1987) and a minichromosome composed of a portion of chromosome 10 (Brock and Pryor, 1996) indicates that precocious sister centromere separation is not unique to small B chromosomes. Because our collection is derived from a common progenitor, a role for chromosome size is implied.
Sister chromatid cohesion is important in meiosis I to hold the chromatids together for the segregation of homologous pairs of chromosomes, but then centromere cohesion is released in meiosis II to allow sister separation. Phosphorylation of histone H3 has been found to correlate with the maintenance of such cohesion (Kaszas and Cande, 2000) . Phosphorylation The DAPI-stained chromosomes are blue; the polyclonal antibody raised against phosphorylated Ser-10 to histone H3 is magenta; the ZmBs is green. typically is found at pericentromeric regions in mitotic chromosomes and during meiosis II. By contrast, there is a uniform distribution along the meiotic chromosomes at metaphase I. Recently, phosphoserines on the specific centromeric histone H3 versus the canonical histone H3 were reported to delineate the centromeric and pericentromeric regions of the chromosome with regard to the functions of chromosome segregation and cohesion (Zhang et al., 2005) .
Single chromatids resulting from equational division of rye univalents at anaphase I have been reported to show no H3 phosphorylation (Houben et al., 2007) . For minichromosomes, despite the fact that they separate early in meiosis I and thus have an absence of sister association in meiosis II, phosphorylation of histone H3 is maintained in meiosis II. In the same cells, maize A chromosomes, which divided reductionally in meiosis I, and minichromosomes, which divided equationally, have the same distribution of H3 phosphorylation at Ser-10.
The SGO protein ensures centromeric cohesion during meiosis I in Drosophila and yeast (Kerrebrock et al., 1995; Rabitsch et al., 2004) by protecting it from the action of the separase pathway that otherwise dissolves sister chromatid cohesion at anaphase I (Kitajima et al., 2004) . In mutants lacking the SGO1 protein, sister chromatids proceed to the same pole, suggesting that monopolar attachment is intact, but they separate precociously during anaphase I. Because centromere cohesion is required for bipolar attachment at metaphase II and this function is missing, the sister chromatids are distributed randomly in the second meiotic division (Watanabe, 2005a (Watanabe, , 2005b .
To analyze the equational division of minichromosomes at meiosis I, we examined the distribution of SGO. During meiosis I, there was no change in SGO distribution on the minichromosomes compared with the normal maize chromosomes ( Figure  9 ). The sister chromatids of the smallest minichromosomes separate at anaphase I; thus, their SGO1 signals were expected to disappear at this stage. However, it was surprising to find that sister chromatid centromeres had very strong signals at anaphase I (Figure 9 ). These results suggest that maize SGO cannot protect centromeric cohesion from the separase pathway during meiosis I for very small chromosomes. Apparently, other factors come into play that are dependent on chromosome size. In fission yeast, a role for pericentromeric heterochromatin has been postulated for the proper establishment of cohesion at centromeres (Bernard et al., 2001; Nonaka et al., 2002) . Thus, for these very small chromosomes that are missing substantial pericentromeric regions, centromere cohesion establishment might be compromised.
Our analysis reveals several previously unknown properties of minichromosomes. First, for smaller chromosomes, sister chromatids tend to separate at meiosis I in contrast with normal-sized chromosomes. This phenomenon occurs even when homologous minichromosome pairs are present and therefore is not necessarily due to a lack of homolog pairing. This result suggests that the proper establishment of cohesion of sister centromeres at meiosis I is due in part to a certain length of the chromosome. Second, very small chromosomes, when present in two copies, can exhibit homolog pairing at meiosis I, depending on structural characteristics that are not yet known. Interestingly, those minichromosomes that do not pair with each other when two of them are present in a cell will also not pair with a normal-sized B chromosome. Third, meiotic chromosome cohesion behaves differently for minichromosomes than expected from previous results analyzing univalents. The protection of centromere cohesion by SGO is not maintained for small chromosomes. The reason for this difference is unknown, but chromosome size appears to play a role in determining its behavior, perhaps due to missing pericentromeric regions that are needed for the proper establishment of centromere cohesion (Bernard et al., 2001; Nonaka et al., 2002) .
The knowledge gained about the properties of minichromosomes revealed in this study will guide the development of artificial chromosomes and engineered minichromosomes. Any applications of minichromosomes must accommodate the precocious sister chromatid separation as well as the pairing properties of each construct. Despite the unusual segregation properties of small chromosomes, their transmission from generation to generation is still at workable frequencies. However, selection procedures for pollen containing minichromosomes will be necessary for complete fidelity of transmission .
METHODS
Plant Materials
Twenty-two minichromosome lines from maize (Zea mays) were scored for mini-B number by FISH on root tip spreads; they were then were grown in the greenhouse or at the Genetics Farm at the University of Missouri-Columbia. Male inflorescences at the meiotic stage were fixed in ethanol:acetic acid (3:1, v/v) on ice for 2 h, transferred to 70% ethanol, and stored at À208C. Fresh pollen was fixed in ethanol:acetic acid (3:1, v/v) at À208C overnight, transferred to 70% ethanol, and stored at À208C.
DNA Probe Preparation
For meiotic analysis, the ZmBs probe (Alfenito and Birchler, 1993) was labeled with Texas red-5-dUTP (2 ng/mL) and the knob-specific sequence (Peacock et al., 1981) was labeled with fluorescein-12-dUTP, both by a modified version of the nick translation method described by Kato et al. (2004) . In order to detect the structure of the minichromosome centromere, ZmBs was labeled with coumarin-5-dUTP (2 ng/mL), CentC (satellite repeat) was labeled with fluorescein-12-dUTP (2 ng/mL), and CRM (maize centromeric retrotransposon) was labeled with Texas red-5-dUTP (2 ng/mL).
FISH
Mitosis
Somatic preparations and FISH screening were performed according to Kato et al. (2004) .
Meiosis
Slides of various stages were collected as described by Gao et al. (1999) , UV cross-linked for 2 min, washed in 23 SSC (13 SSC is 0.15 M NaCl and 0.015 M sodium citrate) (three times for 5 min each), rinsed in 70, 95, and 100% ethanol for 5 min each, and air-dried for 30 min. After application of 6 mL of probe solution (4 ng/mL of each probe in 23 SSC and 13 TE [10 mM Tris-Cl and 1 mM EDTA] buffer, previously denatured for 5 min in boiling water and then placed on ice), the slides were heated for 5 min at 1008C and then incubated at 558C overnight in a humid chamber. After hybridization, the slides were washed in 23 SSC and mounted in Vectashield mounting medium (containing 1.5 mg/mL DAPI; Vector Laboratories). The FISH images were examined using a Zeiss Universal microscope, captured with a MagnaFire cooled charge-coupled device camera, and processed with Photoshop 7.0.
Pollen FISH
Pollen was quickly rinsed in 23 SSC and washed with 23 SSC three times, each for 5 min. The samples were then washed with 10 mM HCl for 10 min, treated with 13 pepsin (50 mg/mL) for 10 min at 378C, and washed with 23 SSC two times, each for 5 min. A 10-mL probe mixture was applied to treated pollen and incubated for 6 min at 808C in a hybridization mixture of 50% formamide, 23 SSC, and 10 ng/mL of each probe (B repeat and knob). Following denaturation, the pollen was incubated overnight at 378C. Pollen from maize variety B73, a line without B chromosomes, served as a control. Detection and visualization were performed as described .
Immunolocalization in Meiotic Cells: Antibody
Monoclonal rabbit antibody raised against histone H3 phosphorylated at Ser-10 and a-tubulin antibody were from Upstate. Zm SGO1 antibody was provided by Zac Cande (University of California-Berkeley). Tassels were fixed and stored as described by Kaszas and Cande (2000) . Anthers at different stages were collected and then cut open to release the meiocytes into 10 mL of buffer A (80 mM KCl, 20 mM NaCl, 0.5 mM EGTA, 2 mM EDTA, and 15 mM PIPES buffer, pH 7.0) plus 0.32 M sorbitol on a glass slide followed by the immediate addition of 5 mL of activated acrylamide stock. The slides were rotated for a few seconds, and a cover glass (18 3 18 mm) was placed over the sample for 30 min or longer in a moisture box, then removed with a razor blade and transferred to 13 PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 2 mM KH 2 PO 4 , pH 7.4) for 5 min. The slides were treated for 2 to 3 h in 1% Triton X-100 (13 PBS and 1 mM EDTA) and then washed twice with 13 PBS, for 5 min each. About 100 mL of diluted antibodies (in 3% BSA, 13 PBS, and 0.1% Tween 20) was added to the pads. The incubation was conducted overnight at room temperature. Samples were then washed in 13 PBS, 0.1% Tween 20, and 1 mM EDTA three times, each for 10 min. The secondary antibody (goat anti-rabbit antibody labeled by Texas red) was added and allowed to bind for 3 to 4 h at 378C. After washing the slides in 13 PBS three times, each for 5 min, samples were stained with DAPI (1.5 mg/mL; Vector Laboratories). After screening the slides, those with good spreads were washed in 13 PBS three times, each for 10 min. Then, 10% formaldehyde was applied for 10 min followed by washing in 13 PBS. Denatured DNA probes (15 mL) were applied to the slide and sealed with rubber cement. The spreads on the slides were denatured on a PCR block at 948C for 5 min followed by overnight incubation at 378C. The tubulin images were taken as a confocal z-stack, and a flat projection of the three-dimensional image was created with the Surpass viewer of Imaris version 4.5.2 (Bitplane).
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